Abstract. A study has been made of the characteristics of MHD waves and associated density fluctuations in the Earth's foreshock. Data from two periods were analyzed. In one period the waves were circularly polarized, of 20% fractional amplitude, and propagating in a plasma with fi less than one. In the second period the waves were elliptically polarized, of 50% fractional amplitude, and the plasma fi was in excess of unity.
Introduction
This paper will be concerned with plasma density fluctuations associated with magnetohydrodynamic (M[-ID) waves upstream of the Earth's bow shock. There are three motivations for this undertaking. First, these large density fluctuations are part of the foreshock phenomenon, and merit consideration in the general attempt to understand plasma processes in this part of space. Second, density perturbations may arise as a manifestation of MHD wave nonlinearity. A study of these density fluctuations and their association with the wave magnetic field might then indicate which MHD nonlinearities are dominant in a space plasma. In this context, we are using the space observations in an attempt to address basic plasma physics issues. Finally, there is a possibility that the results of this investigation can be applied in a wider astrophysical context. It has been known for some time that the interstellar medium pos-vations may be interpreted as support for density modulation by nonlinear, ponderomotive forcm.
The above papers describe changes in wave characteristics from one observing period to the next, suggesting that the dominance of different processes might depend on the details of the plasma state. This result, which is of import to the second and third of the motivations to this study mentioned at the outset, indicates the desirability of further observational studies.
In this paper we report an investigation of plasma density fluctuations and their association with MHD waves. Techniques of time series analysis, such as calculation of power spectra, cross spectra, and cross correlation functions, are used. Data from the ISEE spacecraft have been used, at times when they were in the Earth's ion foreshock. The Earth's foreshock environment is chosen for observation for two reasons. First, this region has been extensively studied (i.e., special June 1981 issue of the Journal of Geophysical Research); the properties of the plasma and waves are relatively well understood. Second, the waves them are not only of large amplitude, but often present in quasimonochromatic wave packets. The similarity of these real waves to theoretical ideals facilitates a comparison of data with linear and nonlinear wave models.
The format of this paper is as follows. In section 2 we will briefly sketch the proce•es by which MHD waves c•n engender plasma density fluctuations. We will identify characteristics of these processes which might be discernible in observational data. Section 3 will nominate the instruments used, and briefly describe methods of data processing. Section 4 will present the observational result• from two periods in 1977 and 1978. Section 5 will present our interpretation of these results, and conclusions will be presented in section 6.
Methods of Density Irregularity Generation by MHD Waves
In this section we describe some of the processes through which MHD waves can generate plasma density fluctuations. Such fluctuations can be produced by linear as well as nonlinear mechanisms, and we consider the two. classes of mechanisms separately below.
Linear Processes-Oblique Propasation
For a fast magnetosonic wave, the change in the density is given by [Hollweg, 1975] n'•--•sin8
(1) where 5n is the density fluctuation, no is the mean density, b is the wave amplitude, B0 is the static magnetic field strength, and P is the angle of wave propagation with respect to the magnetic field. Oblique propagation therefore produces modulation of the plasma density by the MHD wave. Equation (1) is strictly appropriate only to the case when the plasma • is zero. For finite •, the right-hand side should be multiplied by a coefficient which is a function of both fi and P. Inclusion of a simple pressure term in an MHD treatment does not yield a credible expression for this coefficient, which is sensitive to the precise form of the distribution function. Two recent investigations which discuss this coefficient are those of Gary [1986] and Hada et al. [1987] . The latter work is particularly relevant, as the plasma characteristics were chosen to correspond to those in the Earth's foreshock. A common conclusion of these studies is that obliquely propagating waves in a finite-• plasma will be more compressive than indicated by the Figure O ofHada There are two attributes of this process which are most rela• vant to the present discussion. First, the decay instability of right-hand polarized waves is greatly suppressed if the plasma beta exceeds unity [Goldstein, 1978; Wong and Goldstein, 1986 ].
MHD result, equation (1). This conclusion is effectively illustrated in
Second, consideration of the conservation of wave momentum and energy indicates that the wave number of the daughter ion acoustic wave is higher than that of the parent Alfvln wave. From the aforementioned papers, we see that the growth rate spectrum is fairly narrow, and that the wave number of maximum growth would probably be 1.0-2.0K0, where K0 is the wave number of the pump wave.
Ponderomotive effects. If a circularly polarized Alfvln wave is spatially modulated in amplitude, as is observed to be the case for upstream waves, the plasma will respond to a ponderomotive force associated with a gradient in the wave energy density. For a slowly evolving Alfv•n wave packet, the relation between the plasma density fluctuation and the Alfv•n wave amplitude is [Spangler and Sheerin, 1982] n'• = 2(1-fi)
where fi is the customary plasma beta, and the other variables have the same definitions as in equation (1).
If the Alfv•n wave perturbs the density of the host plasma as described in (2), it may, depending on the wave polarization and plasma beta, undergo a modulational instability [Spangler et al., 1985] . The modification to (2) for contracting, modulationally unstable wave packets was considered by Spangler [1987] . The results are (1) relation (2) should provide a good description for slowly evolving wave packets, and (2) for an evolving wave packet, the position of maximum plasma density perturbation will be displaced from the position of maximum wave intensity. There are three characteristics of these ponderomotive density fluctuations which are relevant to the present investi-gation. The first is that the density perturbation will be pro. portional to the square of the wave amplitude. Second, for circularly polarized waves, the spatial scale for density fluctuations will be that of the wave packet rather than the wavelength, since for such waves, there is no change in the amplitude on scales of the wavelength. Third, equation ( Beat wave instability. Wong and Goldstein [1986] point out that a large amplitude Alfv•n wave is subject to a 'beat wave instability • which generates a daughter ion acoustic wave at the wave number of the parent wave. Wong and Goldstein state that this instability is weaker than the modulation and decay instabilities; accordingly, it is unlikely to be observed in a space plasma.
Observational Material and Data Processing

Instrumentation
For our investigation, we required magnetic field data to reveal the presence of the MHD wave packets and instruments capable of measuring the plasma density to reveal the action of these waves on the background plasma. As described below, three instruments were used to measure the plasma density. Some of the measurements were from the ISEE-1 spacecraft and others were from ISEE-2. At the time of the observations, the spacecrai• were within a few hundred kilometers of each other, so the spatial offset is not discernable for the phenomena studied here.
Magnetometer. Data were from the UCLA [Russell, 1978] fluxgate magnetometer on ISEE-1. This instrument makes a vector magnetic field measurement 16 times a second in high data rate mode, and 4 times a second in low. However, we here use data that has been smoothed to 12s resolution, and resampled at intervals of 4 s. 
Processing of Data
Analysis of the density data was relatively straightforward. For the solar wind plasma instrument, the measured distribution functions were integrated to yield the plasma density. For the plasma wave instrument, the frequency of maximum Langmuir wave intensity was measured from dynamic electrostatic spectra, and converted to densities by assuming that the waves are at the local plasma frequency.
The magnetometer data were processed in a somewhat nonstandard manner. The magnetic field measurements are essentially in geocentric solar ecliptic coordinates. In theoretical analyses, a frame is generally chosen in which the static field defines one axis. It is therefore advantageous, for purposes of comparison with theory, to examine the magnetic field in a plane transverse to the static field, which for parallel-propagating waves contains the wave field. This is not a trivial point. For the ponderomotive density fluctuations, the important field parameter is b:r s = bu s + bs s, if the z direction is that of static field. It is customary in observational papers to present the magnitude of the magnetic field, and it is frequently stated that the relative constancy of this quantity indicates noncompressive waves. Actually, since the total magnetic field is the quadratic sum of bT and the much larger static field, dynamically significant variations in br s can be obscured.
For both sets of data, the following procedure was done. All three components of the magnetic field data set were low pass filtered by convolution with a Gaussian filter of width (FWHM) 300s. This low pass filtering removed the wave contributions to the magnetic field, leaving the projected components of the static field. These smoothed magnetic fields were used to generate a set of Euler angles defining a frame in which the static field formed one axis. Finally, these Euler angles were used to rotate the high pass filtered (wave) data into this latter frame.
The end result was a magnetic field time series in z, y, and z coordinates, in which the z axis was that of the static field, and y and z were the transverse coordinates. In the ideal case of a parallel-propagating plane wave, y and z would be the two coordinates of the wave field, and the z component would be If the field-aligned fluctuations are due to obliquely propagating plane waves, a propagation angle of 39 ø would be necessary to account for the statistics of the entire data set. Our minimum variance analysis yields a somewhat smaller propagation angle of 24 ø. If the analysis includes only data in the range 700-1800s, we conclude that a propagation angle of 25 ø would be necessary, whereas the minimum variance analysis yields only 12 ø, with an uncertainty of perhap• 5 ø. Furthermore, the eigenvalue corresponding to the minimum axis of the variance ellipsoid is 0.17, only slightly less than the variance in b,, which is 0.21. These results indicate that oblique propagation is not solely responsible for the existence of field-aligned fluctuations, although it may be sugges• that noise from an unrelated mode is inflating the value of •,, and causing us to overestimate the necessary propagation angle. As a caveat to the above remarks, we note that a unique correspondence between the minimum variance direction and the angle of wave propagation with respect to the magnetic field (0 in equation (1) One limitation of the density measurements during this period is that the spacecraft was in a low data rate mode of operation. We have one density measurement every 12 s, which imposes a Nyquist frequency of 42mHz on spectral analyses.
Comparison of density and magnetic field data. In Figure 1 we plot the time series of (1) In spite of the elliptical polarization and relatively large amplitude of the field-aligned magnetic fluctuations, it appears that these waves were roughly parallel propagating. A minimum variance analysis gives a propagation direction of 9 ø. However, we consider this to be an upper limit resulting from the biased statistics of the propagation angle. The data were separated into halves and minimum variance analyses performed on each half. The resulting propagation angles for these data subseta were 10 ø and 12 ø, with vastly different azimuthal angles. Accordingly, we feel that the true propagation angle is somewhat less than 9 ø. For a propagation angle of 9 ø, we would expect the rms of b= to be 0.16nT, far less than the observed 0.55 nT. Auto and cross spectral analyses. In Figure 9 we show the power spectra of the z, y, and z magnetic field componenta. The transverse field componenta show a much broader spectral line than was the case for the day 344 data, a consequence of the heavier modulation of the wave packets referred to above. Nonetheless, a well-defined carrier frequency of about 12mHz can be defined. It should be noted that in this data set, unlike that of day 344, 1977, the Nyquist frequency lies well above the carrier frequency, which offers the opportunity to scrutinize the spectra for high frequency features. The fluctuations in the field-aligned component of the wave magnetic field differ from the transverse ones in that they are quite broadband, and one cannot identify a dominant spectral line. There is an offset between the two time series, as revealed by the nonzero lag at which maximum correlation occurs. Finally, the occurrence of a cross-spectral line in Figure 15 indicates a regularity in the spacing of wave packets.
Discussion and Interpretation
The two periods of upstream wave data analyzed in this paper differ considerably in properties of the MHD waves. On day 344, 1977, the waves were circularly polarized, contained in wave packets many cycles long, of low fractional amplitude, and propagating in a plasma with Another particularly important difference between the two periods is in the normalized wave amplitude. For day 344, the normalized amplitude was 0.19, whereas on day 227 it was nearly 0.5. On this basis one would expect stronger ponderomotive effects on day 227.
We now proceed to discuss the various mechanisms proposed in section 2 for the generation of density fluctuations. Two of the mechanisms discussed, oblique propagation and beat wave instability, would produce fluctuations at the carrier wavelength. Such a spectral feature was seen in both of our data sets, indicating that one or both of these processes is active in the upstream region. In view of the slow growth rate and highly narrow bandwidth of the beat wave instability, we exclude it from further consideration.
Oblique propagation is certainly a plausible explanation for the day 227 data. As mentioned in section 3, the direction of propagation with respect to the magnetic field could have been as large as 9 ø but was probably somewhat smaller. Adopting a propagation an•!e of 9 ø, and the measured normalized amplitude of 0.50, equation (1) Given the rather monochromatic spectral character of the MHD waves, it is clear that oblique propagation of the carrier mode can only produce density fluctuations at a single frequency. For both periods, there was a second discrete spectral feature as well as a broadband continuum which must be due to other mechanisms. These other spectral features, furthermore, contained the bulk of the fluctuating density power.
Continuing our discussion of the processes arraigned in section 2, we next consider the decay instability. For right circularly polarized waves, this instability is suppressed when • exceeds unity; it therefore is not expected in the day 227 data. For day 344, • was less than unity, so conditions should have [•een favorable for the occurrence of this instability. In view of the narrowband nature of the MHD waves on this day, and the narrow growth rate spectrum of this process, one would expect a discrete feature in the density power spectrum, at a frequency hi•her than that of the carrier. No such feature is observed in the power spectrum displayed in Figure $ . We must now consider whether this absence is significant. Simple consideration of frequency and wave number conservation in the decay process yields the followin• expression for the wave number of the generated ion acoustic wave: bility growth rate is a maximum for a wave number about 20% above the pump wave number. This value is in reasonable agreement with the MHD estimate given above, and indicates that a spectral feature in the density spectrum should be present at about 37 mHz, again in the observed part of the spectrum.
We Generation of density fluctuations by linearly polarized waves appears to be unimportant. For day 344 the second harmonic of the carrier frequency, where such fluctuations should appear, was in the unobservable region above the Nyquist fre-quency. In view of the high degree of circular polarization of the waves on this day, one would not have expected this process to be important. During day 227 on the other hand, the waves were elliptically polarized, and the second harmonic fell in an observable spectral range. However, one is hard pressed, upon examining Figure 11 , to detect unambiguous evidence for a spectral feature in the frequency range 20-30mHz. While this mechanism must operate at some level, we conclude that it contributes a negligible fraction of the actual, observed fluctuations.
Finally, we consider the generation of density fluctuations by ponderomotive effects. We feel that this mechanism is a detectable and important contributor to the density fluctuation• on both days. The evidence for ponderomotive density fluctuations on day 344 is given in Figure 6 . Here we see a significant correlation between br • and n, with the temporal width of the correlation being comparable to a typical wave packet duration.
The case for ponderomotive density fluctuations is far clearer and more interesting on day 227. The basis for this effusive statement is the 3-mHz spectral feature which is highly correlated in the n and bT • time series. This feature appears prominently in the cross spectrum of these two quantities (Figure 13 ).
The low frequency of this feature indicates that gradients in the energy density on the scale of wave packets, rather than the wave field proper, are responsible for plasma flows which, in turn, produce the density fluctuations. Figures 12 and 13 also imply a regularity in the spacing between the enhancements in density and transverse wave intensity, which is responsible for the narrowness of the 3-mHz spectral feature. One intriguing possibility is that this is the resuit of a modulational instability of large amplitude waves which were initially more uniform in amplitude. As mentioned above, the plasma characteristics during this period were favorable for modulational instability. The 320 s spacing between correlation maxima would then represent the fastest growing modulation wavelength.
At this point, we have completed our review of the mechanisms for producing density fluctuations described in section 2, but have not identified one of the principal components of the density fluctuations, the 13-mHz feature on day 344. The key to understanding this feature is Figure 7 , which is the cross spectrum of n and b=, the field-aligned magnetic field. There is clearly a correlation between the magnetic field in the direction of the static field and the plasma density. Furthermore, the fact that neither (1) the transverse field components nor (2) the transverse intensity have pronounced features at this frequency indicates that this feature is not produced by the MHD waves in the 29-mHz band. We feel it is likely that these fluctuations originated from magnetosonic waves, propagating across the magnetic field, and mixed with the more prominent parallel-propagating waves.
As mentioned in section 3, the prominence of the 13-mHz feature is greatly reduced if one deletes the first 600s of the record. The characteristics of the fluctuations were somewhat different during this period, and the wave polarization tended to be more elliptical. This suggests that the presence of the magnetosonic waves may have been restricted to the first 600s of the period.
As a final point, we wish to briefly discuss an observation, which although not directly relevant to the matter of MHD wave-driven density fluctuations, might well be of importance to future investigations of the nonlinearity of such waves. In section 4, we discussed the amplitude of the fluctuations in the field-aligned component of the wave field (b=). For the case of parallel-propagating plane waves b= should be zero. For both periods, but particularly day 227, 1978, we found that the amplitude of the fluctuations in b= was larger than could be attributed to oblique propagation alone, given our constraints on the angle of propagation. We believe the most likely explanation for the relatively large b= fluctuations is that they arise as a consequence of the finite transverse extent of the wave packets. 
